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Figure 6: An illustration of the 11-year and 22-year cycles in the solar modulation of CRs as
observed by the Hermanus NM in South Africa at a cut-o↵ rigidity of 4.6 GV in terms of percentage
with March 1987 at 100%.

in the galaxy. Interstellar conditions should di↵er significantly over very long time-scales, for
example, when the Sun moves in and out of the galactic spiral arms (Büsching and Potgieter,
2008). It is accepted that the concentration of Be10 nuclei in polar ice exhibits temporal variations
on a very long time scale in response to changes in the flux of the primary CRs. Exploring CR
modulation over time scales of hundreds of years and longer and during times when the heliosphere
was significantly di↵erent from the present epoch is a very interesting topic and a work in progress.
See the reviews by, e.g., Scherer et al. (2006), McCracken and Beer (2007), and Usoskin (2013).

There are indications of CR periods of 50 – 65 years and 90 – 130 years, also for a periodicity of
about 220 and 600 years. Quasibiennial oscillations have also been detected as a prominent scale
of variability in CR data (Laurenza et al., 2012). It is not yet clear whether these variabilities
should be considered ‘perturbations’, stochastic in nature or truly time-structured to be figured as
superposition of several periodic processes. Cases of strong ‘perturbations’ of the consecutive 11-
year cycles are the ‘grand minima’ in solar activity, with the prime example the Maunder minimum
(1640 – 1710) when sunspots almost completely disappeared. Assuming the HMF to have vanished
as well or without any reversals during the Maunder minimum would be an oversimplification. The
heliospheric modulation of CRs could have continued during this period but much less pronounced
(with a small amplitude). It is reasonable to infer that less CMEs occurred so that the total flux
of CRs at Earth then should have been higher than afterwards. In this context, see the reviews
by, e.g., Beer et al. (2011) and McCracken et al. (2011).

An interesting reoccurring phenomenon, called the Gnevyshev Gap has been observed in all
solar-terrestrial parameters and consists of a relatively short period of decreased solar activity
during the extreme maximum phase of each 11-year cycle, yielding structured maxima with a first
peak at the end of the increasing activity phase and a second one at the start of the declining
phase. For a review, see Storini et al. (2003).
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The Solar Modulation of Cosmic Rays has been observed to have a 22-year cycle.

Galactic cosmic rays encounter a turbulent solar wind with an embedded heliospheric 
magnetic field (HMF) when entering the heliosphere. This leads to significant variations 
in their intensity and in their energy as has been observed at Earth.!

CRs with kinetic 
energies below 
~10 GeV, are 
efficiently defle-
cted and de-
accelerated as 
they propagate 
through the 
heliosphere.!

What is Solar Modulation of CRs?



Importance of understanding  Solar Modulation 
AND developing analytical models for it

• CR observations have entered a high precision era. Statistical errors are 
often much smaller than the corresponding systematic uncertainties 
associated with CR propagation. Among them, those governing diffusive 
reacceleration and convection, impact primarily the same low-energy CR 
population that is most affected by solar modulation.  

• Improvements in our understanding of solar modulation will allow for 
more reliable inferences of the parameters describing the injection and 
transport of CRs throughout the Milky Way. 

• Highly sophisticated particle propagation codes have been developed to 
model the physical processes of three-dimensional diffusion, particle 
drifts, convection and adiabatic energy losses within the Heliosphere.  

• These codes include large numbers of free-parameters which must be 
scanned over in parallel with parameters associated with CR injection 
and propagation within the Milky Way. This makes such approaches 
computationally intensive and non-predictive. !



An analytic formula: The Force Field 
Approximation

The propagation of CRs through the HMF can be described by:!
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~V = V êrRadial Solar Wind:

Isotropic Diffusion: D̂ �! D

Spherical Symmetry: f �! f(r)

Ignore drifts: h~vDi = 0

Ignore sources: J
source

= 0



Then the propagation eq. within the HMF simplifies to:
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The observed flux at Earth:

• Not Predictive in terms of time evolution 

• No Charge OR Energy dependence 

• It’s regime is surpassed by the quality of data from experiments



• Several well measured solar observables are known to 
correlate with the solar modulation: the magnitude of the 
solar magnetic field, the bulk velocity of the solar wind, 
and the tilt angle of the heliospheric current sheet.  

• CR datasets provided by the PAMELA and AMS-02 
experiments measure variations in the local CR spectrum 
over relatively short timescales with high statistical 
precision.  

• Voyager 1 spacecraft has passed through the 
heliopause, (summer 2012) measuring the ISM CR 
spectrum for the first time  !

!

New advances that allow us to move beyond the Force 
Field Approximation



Based on magnetohydrodynamic (MHD) modeling, it is generally accepted that the heliospheric
structure is asymmetric in terms of a nose-tail (azimuthal) direction, yielding a ratio of ⇠ 1:2 for
the upwind-to-downwind TS distance from the Sun. This asymmetry is pronounced during solar
minimum conditions because the TS propagates toward or away from the Sun with changing solar
activity. The exact dependence is still unknown. Encounters with big transients in the HMF may
also cause the TS position to change and even oscillate locally with interesting e↵ects on CRs. The
HP has always been considered as the heliospheric boundary from a CR modulation point of view
because it supposedly separates the solar and interstellar media. Ideally, the solar wind should
not propagate beyond this boundary. According to MHD models the HP is properly demarcated
in the direction that the heliosphere is moving but not so in the tail direction. Some instabilities
can be anticipated at the HP that may modify this picture (e.g., Zank et al., 2009). It is expected
that these aspects will be studied with models in greater detail in future. The general features of
the heliospheric geometry are shown in Figure 1. For illustrations of these features obtained with
magnetohydrodynamic (MHD) models, see, e.g., Opher et al. (2009a) and Pogorelov et al. (2009b).

Figure 1: The basic features of the global heliospheric geometry according to the hydrodynamic
(HD) models of Ferreira and Scherer (2004) in terms of the solar wind density (upper panel) and
solar wind speed (lower panel). The heliosphere is moving through the interstellar medium to the
right. Typical solar minimum conditions are assumed so that the solar wind speed has a strong
latitudinal dependence.

The last decade witnessed the development of CR transport models based on improved HD and
MHD models of the heliosphere that provide realistic geometries and detailed backgrounds (solar
wind flow and corresponding magnetic field lines) to global transport models, called hybrid models.
It is known that CRs exert pressure and, therefore, also modify the heliosphere (e.g., Fahr, 2004).
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These MHD models also predict an asymmetry in a north-south (meridional or polar) direction,
making it most likely that the heliosheath is wider in the direction that Voyager 1 is moving than
in the Voyager 2 direction. The local interstellar magnetic field causes the heliosphere to become
tilted as featured already in earlier global simulations of the heliosphere (e.g., Ratkiewicz et al.,
1998; Linde et al., 1998). Although this asymmetry seems somewhat controversial from a MHD
point of view, energetic neutral particle (ENAs) observations from the IBEX mission sustain this
view of the heliosphere (McComas et al., 2012b). This mission also established that the boundary
where the heliosphere begins to disturb the interstellar medium, because it is moving with respect
to this medium, should not be seen as a bow shock but rather as a bow wave (McComas et al.,
2012a). The relative motion of the Sun with respect to the interstellar medium seems slower
and also in a slightly di↵erent direction than previously thought. See also Zank et al. (2013).
A schematic presentation of this new view of the geometrical shape of the heliosphere is shown
in Figure 2. Models of the heliosphere based on HD and MHD approaches have become very
sophisticated over the past decade and many of the predicted features still have to be incorporated
in the hybrid modeling approach. Whether these detailed features are contributing more than
higher order e↵ects to the global solar modulation of CRs is to be determined. For reviews on
MHD modeling, see, e.g., Opher et al. (2009b) and Pogorelov et al. (2009a).

Figure 2: A schematic view of an asymmetric heliosphere together with the directions of the
interstellar magnetic field lines. The measured ENA flux at ⇠ 1.1 keV is superposed on the
heliopause with the bright ENA ribbon appears to correlate with where the field is most strongly
curved around it. (From the Interstellar Boundary Explorer, IBEX spacecraft’s first all-sky maps
of the interstellar interaction at the edge of the heliosphere.) See McComas et al. (2009) for details.
Image credit: Adler Planetarium/Southwest Research Institute.

It is to be determined if the outer heliosheath, the region beyond the HP, has any e↵ect on
CRs when they enter this region from the interstellar medium. Scherer et al. (2011) presented
arguments that this may be the case followed by Strauss et al. (2013b) who presented numerical
modeling that produces at 100 MeV a small radial intensity gradient between 0.2% to 0.4% per AU,
depending on solar activity, and if the BW is assumed at 250 AU. It may also be that CRs do not
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Schematic view of an asymmetric 
heliosphere together with the directions 
of the interstellar magnetic field lines.

Geometry of Heliosphere

TS
HP

BW
Inner HS

Outter HS

TS: Termination Shock
HP: Heliopause BW: Bow Wave

HS: Heliosheath

Voyager 1 passed TS  on Dec.  
2004 (at 94 AU) and HP on  Aug.  
2012 (at 124 AU). Voyager 2 passed 
TS on Aug. 2007 (at 84 AU)

Sun
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Figure 2.2: Monthly-averaged sunspot number from 1800 to 2011. From this graph the
11-year solar cycle is clearly seen in the sunspot number fluctuations. Data obtained from
http://sidc.oma.be/.

of, and driving force behind, the solar activity cycle throughout the heliosphere.

Historical observations of the Sun and sunspots, dating back to as early as 350 BC,

became the foundation of our understanding of how the Sun behaves in light of the

solar cycle. Sunspots are dark regions that form on the photosphere of the Sun that

have a lower temperature than their surrounding environment. It is well known that

sunspots possess intense magnetic fields and usually appear in groups. Sunspot ob-

servations, therefore, directly reflect on the current state of the Sun, thereby providing

us with valuable information about the solar cycle and solar activity. Figure 2.2 gives

the monthly average sunspot number (i.e. the number of visible sunspots on the solar

surface) as function of time, from 1800 to 2011. From this figure it is clear that there is

a quasi-periodic variation in solar activity, with an apparent periodicity of ∼ 11 years

during which the sunspot number fluctuate between successive maxima and minima,

referred to as solar maximum and minimum (e.g. Smith and Marsden, 2003). Sunspot

numbers, therefore, effectively serve as a fundamental solar activity index (see e.g.

Simon, 1980 for an overview).

Apart from the above-mentioned 11-year cycle in sunspot numbers, it was found

that the solar polarity itself also has a periodic variation, now with a 22-year periodi-

city. After every 11-year cycle, the solar magnetic field undergoes a polarity reversal so

that after every two successive 11-year cycles the Sun’s polarity assumes its initial con-

figuration, hence the 22-year cycle. When the solar magnetic field points outward in

the Northern hemisphere and inward in the Southern hemisphere, the Sun is said to be
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Figure 2.3: The correlation between the heliospheric magnetic field magnitude (green) and
the sunspot number (red) are clearly seen in the 11-year cycle, during which both quantities
fluctuate between solar maximum and solar minimum. The inserted illustrations represent
the solar polarity epoch during an A > 0 and A < 0 cycle, as well as during the transitional
phase between these cycles. Data obtained from http://nssdc.gsfc.nasa.gov/.

in an A > 0 cycle, whereas during an A < 0 cycle the solar magnetic field points inward

in the Northern- and outward in the Southern hemispheres respectively. In addition

to the polarity reversal, the magnetic field magnitude also shows a similar fluctuating

pattern that correlates with the sunspot number counts. Figure 2.3 gives a plot of the

HMF magnitude (as measured by IMP 8 and ACE) from 1980 to 2010 overlaid by the

SSN counts. Schematic illustrations of the solar polarity epoch during an A > 0 cy-

cle (middle) and an A < 0 cycle (left and right), are also shown, both of which occur

at solar minimum. The top illustrations correspond to solar maximum conditions. It

is clearly visible that the HMF is significantly weaker during solar minimum condi-

tions (with an average magnitude of ∼ 5 nT) compared to solar maximum conditions

(with magnitudes between about 10 nT and 12 nT. See e.g. Smith (2008) for a detailed

discussion of the HMF in light of the solar cycle.

Not surprisingly the solar wind is also correlated to solar activity, as well as the tilt

angle of the so-called heliospheric current-sheet, which is a thin neutral sheet where
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Wealth of Solar Data

Search for correlations 
between different measured 
properties of the Sun:

There is Time Dependence

http://sidc.oma.be/
http://nssdc.gsfc.nasa.gov/
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Figure 4. Illustration of the sector structure of the heliospheric magnetic field due to the inclination
of the wavy heliospheric current sheet (Schwenn, 1990).

2.3. THE HELIOSPHERE

The region around the Sun, filled by the solar wind and its embedded magnetic field,
is called the heliosphere. Its geometry and structure, resulting from axial-symmetric
hydromagnetic models models (e.g. Fahr et al. 2000; Zank and Pauls, 1996 and
Malama et al., 2006) is displayed in Figure 6. The interaction of the supersonic
solar wind with the local interstellar medium leads to a transition from supersonic
to subsonic speeds at the heliospheric termination shock. Such a transition might
also occur when the interstellar wind is slowed down at the heliospheric bow shock.
In this picture the heliopause is defined as the boundary layer between the local in-
terstellar medium and the solar wind. The exact geometry as well as the dimensions
of the heliosphere are still uncertain, but several models have been used to compute
the modulation volume: it may extend over 500 AU in the equatorial plane and to
about 250 AU in the polar regions; see e.g. the review by Fichtner et al. (2001). The
Voyager 1 spacecraft reached 94 AU in December 2004 when it encountered the
relatively weak termination shock (as predicted) at a heliolatitude of ∼30◦(Stone
et al., 2005; Burlaga et al., 2005; Decker et al., 2005). Hence, Voyager 1 has entered
the unknown region between the termination shock and the heliopause, known as
the heliosheath.

2.4. PARTICLE POPULATION IN THE HELIOSPHERE

Within the heliosphere, energetic charged particles of different origin can be iden-
tified, as sketched in Figure 7 (Dröge, 1994). Note that the different particle popu-
lations can be grouped by their origin.

COSMIC RAYS AT HIGH HELIOLATITUDES 121

Figure 2. Illustration of the Parker spiral magnetic field lines at different heliographic latitudes with-
out taking into account the latitudinal dependence of the solar wind at solar minimum, and shear in
the outer heliosphere. (http://science.nasa.gov/ssl/pad/solar/suess/Interstellar Probe/IMF/IMF.html).

are displayed in Figure 2. Obviously, this magnetic field does not have a component
in the θ -direction. Close to the Sun the field is nearly radial, while it is tangential
in the outer heliosphere:

B = B0

r2
(er − tan ψeϕ) · [1 − 2H (θ − θ ′)] . (2)

From this equation follows that the radial component and the tangential components
fall off as 1/r2 and 1/r , respectively. The heliospheric magnetic field originates in
regions on the Sun where the magnetic field is “open”– that is, where field lines
emerging from one region do not return to a conjugate region but extend virtually
indefinitely into space. The direction (polarity) of the field is represented by the
Heaviside step function and is in the Sun’s northern hemisphere opposite to that of
the field in the southern hemisphere. The polarities reverse at solar maximum with
each solar cycle (see also Section 3.4).

Along the plane of the Sun’s magnetic equator, the oppositely directed open
field lines run anti-parallel to each other and are separated by a thin cur-
rent sheet, known as the “heliospheric current sheet”, when expanded into

Heber & Potgieter Sp.Sci. Rev. 2006

The structure of the Heliospheric 
 Magnetic field

Spriral structure

The Heliospheric Cur-
rent sheet is a thick 
titled sheet that through 
drift effects deflects or 
constraints CRs to pro-
pagate inside or outsi-
de of it.

There is No Spherical Symmetry



• collisions of galaxy clusters 
(e.g. bullet cluster)

Scales of dark matter

• DM tested in wide variety of arenas

Most of the universe is beyond the standard 
model

DM is 
collisionless, not 
part of the 
standard model

• success of BBN (DM is non-baryonic)!

• growth of structure (cold DM)

The Astrophysical Journal, 735:83 (13pp), 2011 July 10 Strauss et al.

Figure 6. Same as Figure 5, but for the A < 0 polarity cycle.

Figure 7. Three-dimensional spatial representation of the particle trajectories shown in Figure 1. Two representative particle trajectories (black and gray lines) are
shown for the A > 0 (left panel) and A < 0 (right panel) HMF polarity cycles. In the A < 0 cycle, the pseudo-particles (galactic electrons) are transported mainly
toward higher latitudes, while in the A > 0 cycle, the particles remain confined to low latitudes and drift outward mainly along the HCS. This illustration is consistent
with the results of galactic electrons shown in the previous figure.
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From Simulations that propagate CRs from the Sun outwards: 
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There is Charge Dependence

Drifts Can NOT be ignored

Even diffusion is not isotropic
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Figure 25: Proton spectra, averaged over one Carrington rotation, as observed by the PAMELA
space instrument from July 2006 to the beginning of 2010 (see the colour coding on the left). The
spectrum at the end of December 2009 was the highest recorded. See Adriani et al. (2013) and
also Potgieter et al. (2013).
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Figure 26: Computed ratios of di↵erential intensities for selected periods in 2007, 2008, 2009
with respect to Nov. 2006 as a function of kinetic energy in comparison with PAMELA proton
observations (Potgieter et al., 2013).
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Wealth of CR Data

CR proton flux 4-week  
intervals

PAMELA, Adriani et al. 2013

CR proton flux at low Energies is smoothly increasing with time
There is Time Dependence AND Energy Dependence
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standard model

• success of BBN (DM is non-baryonic)!

• growth of structure (cold DM)
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FIG. 3: The amplitude of the heliospheric magnetic field (HMF) as measured at 1 AU [15, 35] (black solid), the solar wind
bulk speed as measured at 1 AU [15] (blue dot-dashed), and the inferred tilt angle of the heliospheric current sheet [16] (red
dashed), as a function of time. Monthly averages of each quantity are shown over a five year period spanning 2006 to 2010.

IV. COMBINING SOLAR AND COSMIC-RAY DATA

The local properties of the solar magnetic field have been extensively studied. In Figure 3, we plot the observed
values of the HMF amplitude at the Earth’s position, |B

tot

|, as well as those of the bulk solar wind speed at Earth, and
the HMF tilt angle, ↵. The first two of these quantities were directly measured by the Advanced Composition Explorer
(ACE ) Magnetometer and the Solar Wind Electron Proton Alpha Monitor (SWEPAM), respectively [15, 35, 36],
while the value of the tilt angle has been derived from a model utilizing publicly available data from the Wilcox Solar
Observatory [16] (see also, Ref. [37]). We show this data over a five year period between January 2006 and December
2010, roughly corresponding to the era of PAMELA data collection.

As expected, we find a significant degree of correlation between these three quantities. Each, for example, experi-
ences a minimum in the summer of 2009. We note that while the amplitude of the local HMF varies by approximately
50% (3.7 nT — 5.9 nT) in the monthly average, significantly larger day-to-day variations are recorded. These high-
frequency variations, however, are unlikely to be correlated over the entire heliosphere and will effectively be averaged
out over the 100–300 day propagation time of ⇠100 MeV CRs through the heliosphere [2]. Additionally, we note that
there is no CR dataset which we can compare solar parameters to on day-long timescales.

In order to use this solar data to constrain the values of �
0

and �
1

, and the functions g(|B
tot

(t)|) and f(↵(t)), we
compare the solar observables with the measurements of the CR proton spectrum taken between 1992 and 2007 by
IMAX, BESS, AMS-01, CAPRICE, and BESS Polar, and then continuously between July 2006 and January 2010
by PAMELA. We note that our ability to constrain these parameters relies sensitively on the quantity of CR data
available. At present, only PAMELA and AMS-02 have acceptances large enough to detect variations in the CR
proton spectrum that appear over month-long timescales.

Since CRs with energy E⇠100 MeV typically take between ⇠100 — 300 days to travel from the heliopause to the
Earth’s location, depending on their charge and the solar activity in that period (with CRs traveling through the poles
traveling faster) [2]; we take different propagation time-scales for particles with qA > 0 than qA < 0. Throughout
our analysis, we assume that CRs propagating from the poles (qA > 0) take 3 months to arrive at the Earth, while
CRs propagating through the heliospheric current sheet (qA < 0) take between 3 and 12 months, depending on the
average values of |B

tot

| and ↵. With this in mind, we average the values of |B
tot

(t)| and ↵(t) used in our analysis
over the 3-12 month periods preceding the time of data collection.

We begin by analyzing the data taken during the A > 0 period between 1990 and 2000. For CR protons during this

Zooming in the era of PAMELA data: 

I.C., D. Hooper, T. Linden PRD 2016

Combining the CR, the Solar Data and also Simulations

Strong Correlation between Tilt angle and HMF amplitude, weaker 
correlation of the Wind Bulk speed. The latter can’t account for the 
measured variations in the CR flux.



Necessary changes in the analytical method, i.e. in deriving Phi : 

I) Include drift effects and energy dependence.
The modulation potential Phi depends on the Adiabatic energy losses -> Time 
of Propagation of CRs from the TS to Earth.  Drifts are important only for the 
CRs traveling through the Heliospheric Current Sheet.

h~vDi = qv

3
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At low rigidities: the Larmor Radius of CRs is much 
smaller than the curvature of the HMF. Particles follow 
the local magnetic field structure, suppressing the drift 
velocity.!
At high rigidities: CRs are not affected by the small-
scale structure of the HMF field lines, but instead probe 
the average HMF structure and intensity, so

sets the regime

�d = r
Larmor



Thus the timescale for CR drift is proportional to: 
: 
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II) Separate Charges and include Time effects (breaking 
also spherical symmetry).
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The MOST agnostic form for     is:

qA<0 particles propagate through the Current Sheet, !
while qA>0 propagate through the poles.
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Let the Data tell us what are,    ,    ,            and g(|B
tot

(t)|)f(↵(t))�0 �1

g(|B
tot

|) / |B
tot

|From previous slide: 

Assuming we know the !
ISM proton spectrum

Constraining the first qA>0 term

@f

@t
= 0

@f

@t
6= 0



Constraining the second qA<0 term

Assuming we know the !
ISM proton spectrum



• collisions of galaxy clusters 
(e.g. bullet cluster)

Scales of dark matter

• DM tested in wide variety of arenas

Most of the universe is beyond the standard 
model

DM is 
collisionless, not 
part of the 
standard model

• success of BBN (DM is non-baryonic)!

• growth of structure (cold DM)
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Accounting for ISM galactic propagation uncertainties for protons:

Voyager 1 (~ISM) proton flux:

Regime where Outter HS or TS !
may matter 

True ISM
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We use a numerical !
solver, GALPROP, 
and build several 
models that are in 
agreements with CR 
measurements 
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FIG. 6: Top: The CR boron-to-carbon ratio predicted for the various Galactic cosmic-ray models given in Table I. Bottom:
A comparison between the cosmic-ray proton spectrum for the same set of models and the PAMELA data. In each frame, we
have applied the model of solar modulation presented in this paper. For protons and for model C (� = 0.40) with solid green
line we show the unmodulated ISM flux for comparison.

B/C from PAMELA and AMS-02; Sets the time scale for CRs to!
diffuse away from the galactic disk. Also sets constraints on the !
combination of convection and re-acceleration.
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FIG. 6: Top: The CR boron-to-carbon ratio predicted for the various Galactic cosmic-ray models given in Table I. Bottom:
A comparison between the cosmic-ray proton spectrum for the same set of models and the PAMELA data. In each frame, we
have applied the model of solar modulation presented in this paper. For protons and for model C (� = 0.40) with solid green
line we show the unmodulated ISM flux for comparison.

Cross-cheching every time with all the PROTON data; !
monthly AND total:

True ISM p !
spectrum

Modulated p spectrum!
at Earth

Constraining the form of the Modulation potential and the ISM p spectrum !
in a recursive manner.  
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Time Dependence AND Charge Dependence

Bands account for residual!
ISM and fitting uncertainties
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Era Exper. |B
tot

| (nT) ↵ (degrees) �(q>0)

R=1GV �(q>0)

R=2GV �(q>0)

R=3GV �(q<0)

R=1GV �(q<0)

R=2GV �(q<0)

R=3GV

07/92 IMAX 8.9 32.1 0.78 0.78 0.78 0.90 (0.89) 0.82 (0.82) 0.80 (0.80)
07/93 BESS 7.9 35.4 0.69 0.69 0.69 0.85 (0.80) 0.75 (0.73) 0.72 (0.71)
07/97 BESS 6.4 22.6 0.56 0.56 0.56 0.58 (0.62) 0.57 (0.58) 0.56 (0.57)
05/98 CAPRICE 4.3 46.3 0.38 0.38 0.38 0.63 (0.45) 0.46 (0.40) 0.43 (0.39)
06/98 AMS-01 4.5 45.2 0.39 0.39 0.39 0.63 (0.47) 0.48 (0.42) 0.44 (0.41)
07/98 BESS 4.6 46.6 0.40 0.40 0.40 0.68 (0.49) 0.50 (0.43) 0.46 (0.42)
07/99 BESS 5.8 73.9 0.51 0.51 0.51 2.71 (0.67) 1.26 (0.56) 0.97 (0.54)
08/02 BESS 7.6 55.1 1.54 (0.83) 0.96 (0.72) 0.85 (0.70) 0.66 0.66 0.66
12/04 BESS Polar I 6.4 46.5 0.95 (0.68) 0.69 (0.60) 0.64 (0.59) 0.56 0.56 0.56

07-12/06 PAMELA 5.2 34.2 0.54 (0.52) 0.48 (0.48) 0.47 (0.47) 0.45 0.45 0.45
01-06/07 PAMELA 4.9 32.1 0.49 (0.49) 0.45 (0.45) 0.44 (0.44) 0.43 0.43 0.43
07-12/07 PAMELA 4.4 31.1 0.44 (0.44) 0.40 (0.40) 0.40 (0.40) 0.39 0.39 0.39

12/07 BESS Polar II 4.5 32.5 0.45 (0.44) 0.41 (0.41) 0.40 (0.40) 0.39 0.39 0.39
01-06/08 PAMELA 4.5 34.7 0.47 (0.45) 0.42 (0.41) 0.41 (0.41) 0.39 0.39 0.39
07-12/08 PAMELA 4.2 28.8 0.40 (0.41) 0.48 (0.38) 0.37 (0.38) 0.37 0.37 0.37
01-06/09 PAMELA 4.0 21.5 0.36 (0.38) 0.36 (0.36) 0.35 (0.36) 0.35 0.35 0.35
07-12/09 PAMELA 4.1 18.7 0.36 (0.39) 0.36 (0.37) 0.36 (0.36) 0.36 0.36 0.36
01-06/10 PAMELA 4.7 39.7 0.56 (0.48) 0.46 (0.44) 0.44 (0.43) 0.41 0.41 0.41
07-12/10 PAMELA 4.6 39.9 0.55 (0.47) 0.45 (0.43) 0.43 (0.42) 0.40 0.40 0.40
01-06/11 PAMELA 4.7 48.3 0.73 (0.50) 0.52 (0.44) 0.48 (0.43) 0.41 0.41 0.41
07-12/11 AMS-02/PAMELA 4.7 60.5 1.21 (0.52) 0.69 (0.45) 0.58 (0.43) 0.41 0.41 0.41
01-06/12 AMS-02/PAMELA 4.8 67.2 1.66 (0.54) 0.85 (0.46) 0.68 (0.45) 0.42 0.42 0.42
01-06/14 AMS-02 5.3 67.3 0.46 0.46 0.46 1.83 (0.60) 0.92 (0.51) 0.75 (0.49)

TABLE II: The total modulation potential � (in GV) from Equation 12, for different eras probed by different experiments.
We give the averaged values of |B

tot

| and ↵ relevant for each time period. Given the rigidity dependence of � for qA < 0, we
provide its value for three different rigidities. The values of the modulation potential given in parentheses were derived using
f / ↵, which is disfavored by BESS 2002 and BESS Polar I, rather than our default parameterization of f / ↵4. See text for
details.

Regarding the uncertainties associated with the above expression, we have found variations at the level of up to
10% between the five different galactic CR models described in Section III. We note that the formal 1 � errors on the
modulation potential from fitting the CR spectra are significantly smaller than the systematic uncertainties stemming
from our ignorance of the true interstellar CR proton spectrum. For example, in Model C we obtain a force-field
approximation value of � = 1.157+0.020

�0.018

GV, while for Model E we obtain � = 1.110+0.022

�0.017

GV. Secondly, we note
that if we include an additional 10% systematic error, the predicted values of �(R, t) yield a �2/dof of less than 1.0
when fit to the time-dependent PAMELA dataset (see Figure 4). Taken together, we estimate that the expression for
the modulation potential in Equation 12 has a total systematic uncertainty of approximately 20%. The exception to
this statement is that the uncertainties are likely to be larger during periods leading up to and following a polarity
flip. Since each polarity flip lasts about half a year [44] and the CRs take anywhere between ' 100 days to a year to
arrive at Earth, we do not expect our model to yield accurate predictions for a period of approximately 18 months
surrounding each change in polarity. These periods of time are depicted as vertical purple bands in Figure 4.

In the top frame of Figure 5, we plot the value of the modulation potential predicted by our model as a function of
time, for both positively and negatively charged CRs, evaluated at a rigidity of R = 1.8 GV. The bands around each
curve reflect the estimated 20% systematic uncertainties described in the previous paragraph. Among other features,
this figure demonstrates that CRs in eras with qA < 0 experience more significant variations of the modulation
potential with time. This is in agreement with observations of CR protons, helium nuclei, and electrons made by the
Ulysses experiment [45, 46] (for additional discussion, see Ref. [34]). In the bottom frame of the same figure, we plot
the predicted ratio of the modulation potentials for positively and negatively charged CRs, for three values of the
rigidity. While this ratio is often found to be near unity, significant charge-dependent modulation is predicted over
some periods of time, and in particular for low-rigidity CRs.

In Table II, we provide the values of the HMF and tilt angle of the heliospheric current sheet as measured over the
time periods that measurements were carried out by the IMAX, BESS, CAPRICE, AMS-01, BESS Polar, PAMELA,
and AMS-02 experiments. These time-dependent quantities are provided here for convenient use in Equation 12.
We also include in this table the modulation potential predicted for each of these time periods, for positively and
negatively charged CRs, and for three values of their rigidity. The quantities in parentheses represent the values of
the modulation potential as derived using f / ↵, rather than our default choice of f / ↵4. Although this linear
relationship is significantly disfavored by the BESS 2002 and BESS Polar I measurements, we include these results in

Using Solar and CR data: Accounted for Time, Rigidity and Charge 
dependence which are related to observable HMF properties. Thus 
Modulation effects can now predicted/probed. Remaining uncertainties 
will be further constrained by AMS-02 in the next years.

Conclusions:

I.C., D.H, T.L. PRD 2016
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FIG. 7: The predicted antiproton-to-proton ratio for the various Galactic cosmic-ray models given in Table I, including the
application of the model of solar modulation presented in this paper. The light green band centered around model C (� = 0.40)
reflects the ±10% uncertainty associated with the local gas density and the antiproton production cross section.

We will be able to further understand the CR antiprotons which 
may be a probe of Dark Matter annihilations in the Milky Way 
(work in progress with D.H and T.L.). Finally, connections with 
diffuse gamma-ray  and microwave emission.

Also:



Thank you!


